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Abstract  25 
The behaviour of Glass Fibre-Reinforced Polymer (GFRP) bar reinforced concrete beams varies 26 
significantly from the behaviour of traditional steel bar reinforced concrete beams. This paper 27 
numerically investigates the response of GFRP bar reinforced concrete (GFRP-RC) beams under static 28 
loads. This paper also presents the details of a three-dimensional Finite Element (FE) model for GFRP-29 
RC beams under static loads. The results of the numerical modelling have been validated against the 30 
experimental results of nine GFRP-RC beams. The results of the FE analysis have been found to be in 31 
very good agreement with the experimental results. Furthermore, an extensive parametric study is 32 
carried out to investigate the effects of the reinforcement ratio, compressive strength of concrete, and 33 
shear span to effective depth ratio on the response of GFRP-RC beams. The effects of these parameters 34 
on the load-midspan deflection behaviour, energy absorption capacity, and failure modes of GFRP-RC 35 
beams have been adequately discussed in this paper. 36 
 37 
Keywords: reinforced concrete; beam; failure mode; GFRP; modelling   38 
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1 Introduction 39 
Reinforced Concrete (RC) structures are prone to the corrosion of steel reinforcing bars caused 40 
by chloride and alkali ions present in aggressive marine and corrosive environments. Corrosion 41 
of steel reinforcing bars in RC structures decreases the lifespan of structures and increases the 42 
costs of repair and maintenance [1]. During the last few decades, Fibre-Reinforced Polymer 43 
(FRP) bar has emerged as a suitable replacement for the steel reinforcing bar in RC structures 44 
due to its corrosion resistance, chemical resistance, electromagnetic neutrality, high strength-45 
to-weight ratio, competitive life cycle cost, and fatigue resistance [2-5]. Structures reinforced 46 
with FRP bars are particularly suitable in aggressive marine and corrosive environments.  47 
Reinforcing bars of FRP include Glass FRP (GFRP), Basalt FRP (BFRP), Aramid FRP 48 
(AFRP), and Carbon FRP (CFRP) bars. The most popular type of reinforcing bar is GFRP bar 49 
due to its competitive price and abundancy. In the last few decades, a significant amount of 50 
research has been carried out to investigate the behaviour of GFRP bar reinforced concrete 51 
(GFRP-RC) beams under static loads. However, the behaviour of GFRP-RC beams differs 52 
significantly from the behaviour of traditional steel bar reinforced concrete (Steel-RC) beams. 53 
GFRP materials are anisotropic, which affects the shear strength and bond performance of 54 
GFRP bars with concrete. In addition, unlike steel bars, GFRP bars do not yield. Hence, a 55 
change in the traditional design philosophy is adopted for GFRP-RC beams [6-8]. Furthermore, 56 
GFRP-RC beams experience larger deflections due to the lower modulus of elasticity of GFRP 57 
(40-70 GPa) than the modulus of elasticity of steel (200 GPa). The recommended failure mode 58 
for GFRP-RC beams is concrete crushing since it is less brittle than GFRP bar rupture and 59 
provides more ductility to the GFRP-RC beam [6-8]. The flexural responses of GFRP-RC 60 
beams have been investigated experimentally in the literature [9-22]. Experimental 61 
investigations focused mainly on the load-midspan deflection behaviour, failure modes, cracks 62 
propagation, cracks pattern, cracks width, and Energy Absorption Capacities (EAC) of GFRP-63 
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RC beams. El-Nemr, et al. [16] investigated the behaviour of normal strength and high strength 64 
GFRP-RC beams and reported that an increase in the compressive strength of concrete leads 65 
to a decrease in the crack width and deflection and an increase in the ultimate load-carrying 66 
capacity of GFRP-RC beams. Adam, et al. [9] investigated the behaviour of GFRP-RC beams 67 
with different longitudinal reinforcement ratios and concluded that increasing the 68 
reinforcement ratio increases the ultimate capacity of the beam. Nonetheless, there have been 69 
no extensive experimental parametric studies in the literature that investigate the effects of a 70 
wide range of variables such as the compressive strength of concrete, longitudinal 71 
reinforcement ratio, and geometry of the GFRP-RC beams. The most significant barriers that 72 
hinder conducting extensive experimental parametric studies include the large cost and time 73 
associated with these parametric studies. Numerical simulations, on the other hand, are cost 74 
and time effective and have been effectively used in the literature to carry out parametric 75 
studies [23-25]. 76 
In the last few decades, Finite Element Method (FEM) has emerged as one of the most efficient 77 
tools to replicate the experimental response of RC beams under different loading conditions. 78 
One of the most significant advantages of using FEM is the ability to analyse failure modes, 79 
load-midspan deflection behaviours, cracks pattern, cracks width, and Energy Absorption 80 
Capacity (EAC) of RC beams. Another advantage of using FEM is that it can be used to provide 81 
guidelines prior to experimental investigations. The finite element code LS-DYNA [26, 27] is 82 
a very powerful and efficient tool due to its comprehensive material library and its ability to 83 
capture the non-linear response of RC beams under static loads. Yet, only a few numerical 84 
studies investigated the behaviour of GFRP-RC beams under static loads [9, 28-30]. The 85 
numerical studies available in the literature focused on the load-midspan deflection behaviour 86 
and damage of GFRP-RC beams. However, there is a need to analyse how various factors 87 
influence the behaviour of GFRP-RC beams. There are no systematic parametric study 88 
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available in the literature that investigates the influence of reinforcement ratios, compressive 89 
strengths of concrete, and shear span to effective depth ratios on the behaviour of GFRP-RC 90 
beams. This paper numerically investigates the influence of reinforcement ratios, compressive 91 
strengths of concrete, and shear span to effective depth ratios on the maximum midspan 92 
deflections, load-midspan deflection curves, failure modes, and EAC of GFRP-RC beams 93 
using the finite element code LS-DYNA.  94 
2 Numerical investigations 95 
The finite element code LS-DYNA has been used for numerical modelling of GFRP-RC 96 
beams. Due to its computational power and comprehensive material library, LS-DYNA has 97 
been extensively used in the literature to model the behaviour of RC beams [31-34]. 98 
2.1 Structural geometry 99 
In order to replicate the experimental conditions, a three-dimensional (3D) FE model was 100 
created accounting for boundary and loading conditions. Figure 1 shows a 3D model of the 101 
GFRP-RC beam. To represent concrete and the experimental setup including the supports and 102 
the steel I-beam (used in the experimental program to apply the four-point load), eight-node 103 
solid hexahedron elements with single point integration were used. The single point integration 104 
saves computational time in complex problems. However, one of the disadvantages of the use 105 
of single point integration is the presence of hourglass modes. Hourglass modes are 106 
nonphysical, zero-energy modes of deformation that produce zero strain and no stress. To 107 
control and minimize the hourglass energy, Belytschklo-Bindeman hourglass control was 108 
chosen for implicit analysis. To represent GFRP and steel reinforcement, 2D Hughes-Liu beam 109 
elements with 2x2 Gauss quadrature integration were used. The 3D model was divided into 110 
three main parts: the beam, the steel I-beam, and the supports. For selecting a suitable mesh 111 
size, a separate convergence study was carried out considering a mesh aspect ratio of 1. 112 
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Different mesh sizes including 20, 15, 10, and 5 mm were modelled and analysed. It was found 113 
that with the reduction of the size of the mesh below 10 mm increased the computational time 114 
significantly for a minor increase in the accuracy of the results. Hence, a mesh size of 10 mm 115 
was chosen for this study, which provided both efficiency and accuracy. Furthermore, the 116 
reinforcement was modelled using a slide line one-dimensional model in LS-DYNA.  117 
2.2 Contact and boundary conditions 118 
To model the contact between the steel I-beam (used in the experimental program to apply the 119 
load), concrete, and supports, several formulations are available in LS-DYNA. Automatic 120 
contact [26, 27] between surfaces was used in this study. In order to replicate the actual 121 
boundary conditions of the experiment, the boundary conditions for this study were defined as 122 
a pinned and roller support. The pinned support was restrained from all translations and allowed 123 
to rotate about its major axis, whereas the roller support was restrained from all translations 124 
except along the major axis and allowed to rotate about its major axis. Moreover, to model the 125 
bond-slip between the reinforcement and concrete, a one-dimensional contact model 126 
(Contact_1D) was used [26]. This approach was successfully used in previous research studies 127 
[35-38]. The constitutive relationship between the bond shear stress and the slip is given by 128 
Eq. (1) [26, 27] 129 
 
𝝉 = {
𝑮𝒔𝒔, 𝒔 ≤ 𝒔𝒎𝒂𝒙
𝝉𝒎𝒂𝒙𝒆
−𝒉𝑫, 𝒔 > 𝒔𝒎𝒂𝒙
 
(1) 
 130 
where,  𝜏 is the bond shear stress, 𝐺𝑠 is the bond shear modulus, 𝑠𝑚𝑎𝑥 is the maximum elastic 131 
slip, ℎ is the damage curve exponential coefficient, and 𝐷 is the damage parameter. The values 132 
of these parameters were taken according to the experimental investigation results. The loading 133 
condition imposed on the GFRP-RC beams was deflection controlled.  134 
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2.3 Control options for solver 135 
The advantage of implicit analysis, adopted in this study, is the unconditionally stability of the 136 
solution allowing larger values of time steps. The code LS-DYNA offers options for choosing 137 
automatic control over the time step. In this study, the maximum time step and optimum 138 
equilibrium iteration count were restricted to allow for convergence of the results. Here, if the 139 
number of iterations required to achieve equilibrium is larger than the optimum count 140 
(suggesting that non-linearity is increasing), the solver reduces the current time step. Whereas, 141 
if the number of iterations required to achieve equilibrium is smaller than the optimum count, 142 
the solver increases the current time step to reach the maximum. 143 
2.4 Materials 144 
Concrete 145 
Winfrith Concrete Model [26] is used in this study to model the concrete. Winfrith Concrete 146 
Model is a smeared crack, smeared rebar model, implemented in the eight-node single 147 
integration point continuum element [26]. This model has been developed over many years by 148 
Broadhouse and Neilson [39] and Broadhouse [40]. Winfrith Concrete Model was initially 149 
developed to model structures subjected to impacts and blasts. Nonetheless, it has the ability 150 
to capture the behaviour of concrete under static loads. The Winfrith model has been validated 151 
with extensive experimental investigations and has been proven successful in capturing the 152 
complex behaviour of concrete [31, 32, 41, 42]. The input card of this model consists of the 153 
mass density, initial tangent modulus, Poisson’s ratio, uniaxial compressive and tensile 154 
strengths, and aggregate size of concrete. The tangent modulus of concrete was calculated as 155 
specified by ACI [6] (𝐸𝑐 = 4700√𝑓𝑐
′). The Winfrith model has the ability to generate crack 156 
algorithms. Winfrith model does not include a criterion for erosion where elements can be 157 
deleted. Hence, erosion was added to concrete using an independent function to delete the 158 
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elements after satisfying the erosion condition. Elements were deleted by specifying a 159 
minimum principal strain of 0.35% for concrete at failure. The principal strain of 0.35% is 160 
considered failure strain for concrete in compression by CSA [7]. Although Winfrith offers a 161 
smeared rebar model, the reinforcement was modelled using Piecewise Linear Plasticity [26], 162 
as explained in the next section. 163 
Reinforcement 164 
The material model used to capture the behaviour of the reinforcement was Piecewise Linear 165 
Plasticity. This material model input card requires a minimum entry of density, modulus of 166 
elasticity, Poisson’s ratio, yield stress, tangent modulus, and failure plastic strain. The 167 
Piecewise Linear Plasticity was used to model both steel and GFRP reinforcement in this study. 168 
This model is usually used to model steel reinforcement due to the ability to enter the yield 169 
stress and failure strain values. Figure 2 shows the stress-strain curve of the GFRP bar using 170 
Piecewise Linear Plasticity model. GFRP bars do not yield, instead they rupture. To simulate 171 
this behaviour numerically, a tangent modulus of zero (ETAN=0 in Figure 2) is specified, 172 
creating an elastic-perfectly-plastic behaviour for GFRP bars. Then, a pseudo-plastic strain, 173 
with a value equal to the rupture strain of the GFRP bar, was chosen so that the GFRP bar fails 174 
as soon as it enters the plastic phase. Specifying a very small value for the plastic strain failure 175 
ensures that the bars fail as soon as the yield stress is reached. This approach ensures that a 176 
linear behaviour of GFRP bars takes place up till failure. Moreover, once the failure strain is 177 
reached, the beam element, representing the reinforcement, is deleted from the calculation.  178 
Supports and loading plates  179 
The Rigid material model was used to replicate the behaviour of the supports and steel I-beam 180 
for the four-point bending load (refer to the next section). In order to capture the contact 181 
between the supports, steel I-beam, and concrete, this material model requires input of density, 182 
modulus of elasticity, and Poisson’s ratio. The I-beam and the supports in this study were 183 
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constituted of steel. Therefore, the values of the density and Poisson’s ratio of the I-beam and 184 
the supports were chosen as those of steel. 185 
3 Overview of experimental investigations 186 
This study includes the experimental investigations of nine GFRP-RC beams under static loads 187 
to determine the flexural capacity of these beams. In addition, four specimens were tested under 188 
static loads to determine the bond-slip properties of the GFRP bars in concrete. The full details 189 
of the experimental investigations of the nine GFRP-RC beams can be found elsewhere [18, 190 
43]. However, for completeness, a brief description of the experimental results is presented. 191 
For the validation of the numerical model, nine GFRP-RC beams were tested under static loads. 192 
All beams were 100 mm in width, 150 mm in height and 2400 mm in length. The clear concrete 193 
cover was 20 mm. The distance between the supports was 2000 mm. The beams were divided 194 
into three main groups according to the compressive strengths of concrete. The compressive 195 
strengths of concrete on the day of testing for Groups A, B, and C of GFRP-RC beams were 196 
55.4, 70.8, and 90.1 MPa, respectively (Table 1). Furthermore, each group included three 197 
beams with different longitudinal reinforcement ratios. The numbers 1, 2, and 3 following the 198 
group name indicate the longitudinal reinforcement of the tested GFRP-RC beams. Number 1 199 
indicates that the GFRP-RC beam was reinforced longitudinally with 2 #2 bars on the tension 200 
side and 2 #2 bars on the compression side. The number 2 indicates that the GFRP-RC beam 201 
was reinforced longitudinally with 2 #3 bars on the tension side and 2 #3 bars on the 202 
compression side. The number 3 indicates that the GFRP-RC beam was reinforced 203 
longitudinally with 2 #4 bars on the tension side and 2 #4 bars on the compression side. For 204 
example, Beam C2 indicates that the compressive strength of concrete for this beam is 90.1 205 
MPa and that the reinforcement comprises 2 #3 bars in tension and 2 similar bars in 206 
compression. All the beams had transverse reinforcement of 4 mm steel bars spaced at 100 mm 207 
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centre-to-centre. All GFRP-RC beams were designed to fail in flexure with the ratio of shear 208 
resistance to bending resistance larger than one. Thus, all the beams were flexure-critical. 209 
Groups A and B beams were tested under four-point loads, whereas beams belonging to Group 210 
C beams were tested under three-point loads. Based on the classification of ACI [6], Beams B1 211 
and C1 were under-reinforced, Beam A1 was balanced, and the remaining six beams (A2, A3, 212 
B2, B3, C2, and C3) were over-reinforced. The variables of the experiment were the 213 
longitudinal reinforcement ratio, compressive strength of concrete, and loading type (three-214 
point and four-point loading). Table 1 presents the dimensions, average compressive strength 215 
of concrete on the day of testing, reinforcement ratio, and failure modes of the GFRP-RC beams 216 
tested. Moreover, results of the modulus of elasticity, ultimate strength, and rupture strain of 217 
the GFRP bars used are presented in Table 2. The beams rested on a pin support and a roller 218 
support with a clear span of 2000 mm. For the three-point bending test, the load was applied at 219 
the midspan of the beam, whereas for the four-point bending test, the load was applied at a 220 
distance of  
𝑙𝑒
3
 = 667 mm from the supports. 221 
In order to determine the bond-slip properties of the GFRP bars in concrete, four GFRP-RC 222 
specimens were tested in accordance with RILEM [44]. The first two specimens had #3 (9.53 223 
mm) embedded GFRP bars. The two other specimens had #4 (12.7 mm) embedded GFRP bars. 224 
The average compressive strength of concrete was measured as 59 MPa. However, the 225 
compressive strength of concrete does not significantly influence the bond-strength of the 226 
GFRP bars in concrete especially for concrete of compressive strength over 30 MPa [45]. The 227 
specimens were made of two parts, as shown in Figure 3. Each part was 100 mm in width, 180 228 
mm in depth, and 375 mm in length and was separated by a 50 mm hinge. The specimens were 229 
tested using the 5000 KN Instron machine at 1 mm/min until the failure of the specimens. The 230 
failure of the specimens was considered as the sudden drop in the load and a major slip in the 231 
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GFRP bar occurs. The slip of the GFRP bars was measured using LVDTs and the strains in the 232 
bars were measured via strain gauges attached at the middle of the GFRP bars. 233 
For the #3 (9.53 mm) GFRP bars, the average maximum bond stress was 38.45 MPa, the 234 
average maximum slip was 0.14 mm, and the average exponential decay [37] was 0.11. 235 
Whereas, for the #4 (12.7 mm) GFRP bars, the average maximum bond stress was 31.3 MPa, 236 
the average maximum slip was 0.11 mm, and the average exponential decay was 0.15. The #2 237 
(6.35 mm) GFRP bar was not tested due to unavailability of the GFRP bar during testing. It 238 
was reported in the literature [46, 47] that the bond strength increases with the decrease of the 239 
bar diameter. Therefore, the bond-slip properties of the #2 GFRP bars were assumed the same 240 
as the bond-slip properties of #3 GFRP bars for the numerical model. 241 
3.1 Failure modes 242 
In traditional Steel-RC beams, the preferred failure mode is yielding of steel reinforcement 243 
prior to concrete crushing. However, FRP bars do not yield. Rupture of bars in FRP-RC beams 244 
is sudden which leads to a brittle failure. Hence, the design philosophy of GFRP-RC beams 245 
differs significantly from that of Steel-RC beams. The failure mode of under-reinforced GFRP-246 
RC beams occurs when GFRP bars rupture and the beam suddenly collapses. The failure mode 247 
of balanced GFRP-RC beams occurs when GFRP bars rupture simultaneously with concrete 248 
crushing at compression. Also, the failure mode of over-reinforced GFRP-RC beams occurs 249 
when concrete at compression fails. Under-reinforced and balanced failure modes of GFRP-250 
RC beams provide no warning prior to failure. These failure modes are described as sudden 251 
and brittle. Design codes [6-8] recommend an over-reinforced design for GFRP-RC beams to 252 
provide more ductility with an adequate warning prior to failure. The failure modes of GFRP-253 
RC beams can be identified by analysing the strains in the reinforcement and concrete at failure. 254 
For example, if the strain in the concrete reaches the failure strain, as specified by the design 255 
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code, while the strain in the GFRP bar reinforcement is below the failure strain, then the failure 256 
is governed by concrete crushing. 257 
Under-reinforced failure 258 
Under-reinforced GFRP-RC Beams B1 and C1 failed due to GFRP bar rupture. Beam B1 was 259 
tested under four-point load and C1 was tested under three-point load. Prior to cracking of 260 
concrete, both beams exhibited an elastic response and the load was resisted by the gross cross-261 
section. After cracking of concrete, GFRP bars started resisting the applied load. The strain in 262 
concrete and GFRP bars kept gradually increasing until the strain in GFRP bars reached the 263 
failure strain. The GFRP bars ruptured at the midspan without adequate warning. As a result 264 
of this rupture, the GFRP-RC beams were split into two parts and this was identified as the 265 
failure mode of under-reinforced beams. Beams B1 and C1 showed no reserve capacity and 266 
the failed in a brittle manner. The GFRP ruptured bars could be identified clearly. Figure 4a 267 
presents the image of the failed Beam B1. 268 
Balanced failure 269 
The balanced Beam A1 failed due to simultaneous rupture of GFRP bar and concrete crushing. 270 
Similar to the Beams B1 and C1, the GFRP bars started resisting the load after cracking of the 271 
concrete. The four-point bending load gradually increased causing cracks to widen in concrete. 272 
The strain in both the GFRP bars and concrete at compression kept increasing until failure of 273 
the beam. The measured strain in concrete was 𝜀𝑐𝑢 = 0.0029. Beam A1 showed no reserve 274 
capacity after rupture of the GFRP bars and the ruptured bars were visible. The simultaneous 275 
failure of concrete and GFRP bars indicated a balanced failure, where this was considered the 276 
failure mode of balanced beams. The drop in the load-carrying capacity of the beam was 277 
evident at the rupture of the GFRP bars in Beam A1. 278 
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Over-reinforced failure 279 
The six remaining GFRP-RC Beams A2, A3, B2, B3, C2, and C3 were over-reinforced beams, 280 
where concrete crushing governed the failure of these beams. The over-reinforced failure mode 281 
is the recommended mode by the design codes [6, 7] due to the higher ductility provided by 282 
this failure mode in comparison with the under-reinforced and balanced failure modes. At the 283 
beginning of the loading, the beams exhibited an elastic response. After cracking, the GFRP 284 
bars started resisting the applied load. As the applied load increased, the existing cracks 285 
widened and propagated upwards. The testing continued until failure of the beams where a 286 
drop in the load-carrying capacities of the beams was observed. Figure 4b shows the failure 287 
mode of Beam B2 (Only Beam B2 was presented in Figure 4b since Beams B2 and B3 have 288 
the same failure mode). The strain measured in concrete at compression was in the vicinity of 289 
𝜀𝑐𝑢 = 0.003, whereas the strain in the GFRP bars was lower than the rupture strain. The beams 290 
showed reserve capacity and were able to resist more loads due to the confinement effect 291 
provided by the stirrups. Moreover, since the GFRP bars did not rupture, the beams were able 292 
to carry additional tensile loads.  293 
3.2 Load-midspan deflection 294 
The load-midspan deflection graph of all GFRP-RC beams can be described as bilinear 295 
(Figures 5-7). The first part of the curve represents the pre-cracking stage that exhibited a high 296 
bending-stiffness. In this first part of the curve, the uncracked section started resisting the 297 
gradually increasing load. As the load increased, cracks started appearing on the tension side 298 
of the GFRP-RC beams. The load at which cracks appeared was referred to as 𝑃𝑐𝑟. The 299 
corresponding midspan deflection at this load was referred to as the cracking deflection, ∆𝑐𝑟. 300 
After the cracking load, a significant drop in the bending stiffness of the beam took place. This 301 
can be attributed to the low modulus of elasticity of GFRP bars. A transformation in the second 302 
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moment of area from the gross second moment of area, 𝐼𝑔, to the cracking second moment of 303 
area, 𝐼𝑐𝑟, took place. Hence, the bending stiffness of the GFRP-RC beams decreased. The 304 
bending stiffness for the uncracked section, 𝐸𝐼𝑔, was higher than the bending stiffness of the 305 
cracked section, 𝐸𝐼𝑒. The second part of the curve showed the behaviour of the cracked section 306 
of the GFRP-RC beam. The load applied on the beam kept increasing with the increase in the 307 
midspan deflection until failure of the beam where the drop in the load at the first peak was 308 
evident. The load-midspan deflection graph at the second part can be described as linear until 309 
failure. The load measured at failure (as per the three specified failure modes in 3.1) of the 310 
beam was referred to as ultimate load, 𝑃𝑢. For example, for an under-reinforced and a balanced 311 
beam, the ultimate load is the load at rupture of the GFRP bar. The measured values of cracking 312 
and ultimate loads and midspan deflections were presented in Table 3. However, for 313 
comparison with the numerical investigation, the failure of the over-reinforced beams in this 314 
study was considered up to the first peak in the load-midspan deflection graph. 315 
It was observed that all load-midspan deflection curves, regardless of the reinforcement ratio 316 
and compressive strength of concrete, exhibited a bilinear behaviour as described above. 317 
Furthermore, it was observed that the ultimate load resisted by the GFRP-RC beams increased 318 
with an increase in the reinforcement ratio. The reinforcement ratio had a significant influence 319 
on the ultimate load resisted by the GFRP-RC beams. An increase in reinforcement ratio from 320 
1% to 2%, (Beams A2 and A3) led to a 27% increase in the ultimate load. Moreover, an increase 321 
in the reinforcement ratio from 0.5% to 1%, (Beams A1 and A2) led to an increase of almost 322 
twice in the ultimate load. The significant increase in the ultimate load can be attributed to the 323 
increase in the reinforcement ratio that caused a shift in the failure mode of the GFRP-RC beam 324 
from balanced failure to concrete crushing. Therefore, the reinforcement ratio had a significant 325 
influence on the ultimate load resisted by a GFRP-RC beam. 326 
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It was observed that the compressive strength of concrete had less influence on the load-327 
midspan deflection behaviour of GFRP-RC beams. The increase in the compressive strength 328 
of concrete of GFRP-RC beams from 50.4 MPa to 70.8 MPa (Beams A3 and B3) for beams 329 
having the same reinforcement ratio of 2% led to an increase in the ultimate load of 15%.  330 
3.3 Cracks profile 331 
The GFRP-RC beams tested were designed as flexure-critical beams with the ratio of the shear-332 
resistance to bending-resistance larger than one. It was observed that all GFRP-RC beams, 333 
regardless of their longitudinal reinforcement ratio and compressive strengths, developed 334 
cracks propagating vertically in the beams. The shear cracks that were observed were minor 335 
and the major contribution of cracks was influenced by flexural cracks. Hence, this confirms 336 
the predictions that GFRP-RC beams that were designed as flexure-critical beams failed in 337 
flexure. 338 
4 Comparison between numerical and experimental results 339 
Table 3 presents the numerical and experimental cracking and ultimate loads and 340 
corresponding midspan deflections, Energy Absorption Capacity (EAC), and bending stiffness 341 
of the GFRP-RC beams. 342 
4.1 Failure modes 343 
The numerical models using LS-DYNA show the ability to capture the failure modes of GFRP-344 
RC beams. As described before, the failure modes of GFRP-RC beams were identified by 345 
analysing the strains in the reinforcement and concrete at failure. The under-reinforced beams 346 
failed due to GFRP bar rupture prior to concrete reaching its ultimate strain (𝜀𝑓𝑟𝑝 =347 
𝜀𝑓𝑟𝑝𝑢 while  𝜀𝑐 < 𝜀𝑐𝑢). The balanced beam failed due to simultaneous GFRP bar rupture and 348 
concrete at compression reaching its ultimate strain (𝜀𝑓𝑟𝑝 = 𝜀𝑓𝑟𝑝𝑢 and  𝜀𝑐 = 𝜀𝑐𝑢). The over-349 
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reinforced beams failed due to concrete crushing with the strain in concrete reaching the 350 
ultimate strain and the strain in GFRP bar lower than the rupture strain ( 𝜀𝑐 = 𝜀𝑐𝑢 while 𝜀𝑓𝑟𝑝 <351 
𝜀𝑓𝑟𝑝𝑢). The FEM accurately captures the failure modes of all GFRP-RC beams. The ultimate 352 
load for under-reinforced and balanced beams is the load at which the GFRP bars rupture. 353 
Whereas, the ultimate load for an over-reinforced beam is the load when the strain of concrete 354 
at compression reaches 𝜀𝑐𝑢 = 0.0035 as specified by CSA [7]. 355 
The models analysed in LS-DYNA show that the under-reinforced Beams B1 and C1 failed 356 
without prior warning due to rupture of GFRP bars (Figure 4a). As the load gradually increased, 357 
the strains in the GFRP bars and the concrete increased as well. When the strain in the GFRP 358 
bars reached the failure strain, the bars ruptured and the beams failed. This was represented 359 
numerically by deletion of the beam element at the midspan representing the GFRP 360 
reinforcement. This led to a sudden drop in the load-carrying capacities of these beams showing 361 
no or very limited ductility. The GFRP bars ruptured and the beam was split into two parts with 362 
spalling of concrete (erosion of solid elements) at the midspan. 363 
Moreover, the balanced Beam A1 failed due to simultaneous rupture of GFRP bars and 364 
crushing of concrete in compression. As the applied load increased, the strain in the 365 
reinforcement and concrete increased as well. The GFRP bars ruptured when reaching the 366 
failure strain and a sudden drop in the load-carrying capacity of the beam was observed. 367 
Moreover, since the strain in concrete at compression reached the failure strain, the failure 368 
mode can be described as balanced. 369 
As for the remaining over-reinforced beams, all the models showed that these beams failed due 370 
to concrete crushing (Figure 4b). The strains in the GFRP bars and the concrete increased with 371 
the applied load. The FEM matches the experimental observations where the failure occurred 372 
at a strain of 𝜀𝑐𝑢 = 0.0035. Moreover, this strain matches the failure strain of concrete 373 
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specified by CSA [7]. In addition to that, the strain measured in the GFRP bars was lower than 374 
the failure strain. 375 
4.2 Load-midspan deflection behaviour 376 
A comparison between the numerical and experimental load-midspan deflection curves of the 377 
GFRP-RC beams is presented in Figures 5-7. It can be observed from Figures 5-7 that the FEM 378 
is in very good agreement with the experimental results. The FEM shows the ability to capture 379 
the bilinear response of the GFRP-RC beams. Furthermore, the FEM captures the cracking 380 
loads and midspan deflections and also, the high bending stiffness of the uncracked section. 381 
Moreover, the FEM also captures accurately the ultimate loads and midspan deflections of 382 
GFPR-RC beams, and similarly, the bending stiffness of the cracked section.  383 
The under-reinforced Beams B1 and C1 in addition to the balanced Beam A1 all experienced 384 
similar load-midspan deflection behaviours. When the strain in the GFRP bars reaches the 385 
failure strain, the bars rupture and a sudden drop in the load-carrying capacity of the beam was 386 
observed. The load-midspan deflection graphs of the beams shown in Figure 5a, Figure 6a, and 387 
Figure 7a all show the drop in the load-carrying capacity of the beams upon rupture of the 388 
GFRP bars. The FEM shows the ability to replicate the experimental conditions and model the 389 
rupture of the bars and the sudden drop in the load-carrying capacity of the beams. As for the 390 
over-reinforced beams, it can be observed from the load-midspan deflection graphs that there 391 
are some small discrepancies between the numerical and experimental trends of the midspan 392 
deflection corresponding to the ultimate load. The experimental values of the midspan 393 
deflections decrease as the compressive strength of concrete increases, whereas the numerical 394 
analysis showed an increase in the midspan deflection corresponding to the ultimate load with 395 
an increase in the compressive strength. This is due to the differences between the experimental 396 
and numerical failure strain of concrete. While the numerical failure strain was fixed at 𝜀𝑐𝑢 =397 
0.0035, the experimental failure strain varied causing the drop in the load-carrying capacity to 398 
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occur at a smaller deflection. In addition, the over-reinforced GFRP-RC beams show reserve 399 
capacity even after reaching the failure strain in concrete. It should be noted, however, that in 400 
this study the response of the GFRP-RC beams under static loads was modelled up to the 401 
ultimate strain in concrete (𝜀𝑐𝑢 = 0.0035) as specified by CSA [7]. 402 
The EAC of GFRP-RC beams is calculated as the area under the load-midspan deflection curve. 403 
The EAC of the under-reinforced and balanced beams was significantly lower than that of the 404 
over-reinforced beams. The shift in the failure mode from GFRP bar rupture to concrete 405 
crushing increases the ultimate load resisted by a GFRP-RC beam. Hence, the EAC of over-406 
reinforced beams is higher than that of under-reinforced. Table 3 presents the EAC, calculated 407 
both experimentally and numerically, of all GFRP-RC beams. It is observed from the numerical 408 
analysis that the EAC increases with an increase in the reinforcement ratio and the compressive 409 
strength of concrete. However, the opposite was observed in the experiment. This is due to the 410 
experimental strain in concrete at failure being higher than 0.35%, whereas the numerical strain 411 
at failure was 0.35%.  412 
The bending stiffness was calculated by using Eq. (2) for three-point bending and Eq. (3) for 413 
four-point bending: 414 
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Where 𝑃 is the applied load, 𝑙𝑒 is the span of the beam, and ∆ is the midspan deflection of the 415 
GFRP-RC beam.  416 
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The values of the bending stiffness for the cracked (𝐸𝐼𝑝𝑜𝑠𝑡) and uncracked (𝐸𝐼𝑝𝑟𝑒) sections 417 
are presented in Table 3. The experimental and numerical values of the bending stiffness seem 418 
to be in good agreement. As the reinforcement ratio of the GFRP-RC beam increases, the post-419 
bending stiffness increases as well. This is due to the larger load and smaller deflection of a 420 
GFRP-RC beam as the reinforcement ratio increases. 421 
4.3 Crack profile 422 
One of the strengths of Winfrith Concrete Model is the ability to simulate cracks in concrete. 423 
The crack profiles of balanced Beam A1 and over-reinforced Beam A2 are presented in Figure 424 
8. It can be noted that all beams failed in flexure, as predicted, with flexural cracks propagating 425 
vertically across the beams. The FEM was able to capture the flexural cracks initiated at the 426 
bottom portion of the beam and propagating vertically upwards. 427 
4.4 Summary of comparison 428 
Table 4 presents the ratios of the numerical to experimental results. It is observed from Table 429 
4 that FEM matched very well with the experimental results for all GFRP-RC beams in terms 430 
of the cracking, ultimate loads, and corresponding midspan deflections, bending stiffness, and 431 
EAC. In particular, FEM matches best with the experimental results for the over-reinforced 432 
beams. The numerical to experimental ratios were in the vicinity of one for all GFRP-RC 433 
beams.  434 
It is noted that the ratio of numerical to experimental EAC of the balanced Beam A1 is 1.66. 435 
This can be attributed to the premature failure of the beam in the experimental investigations. 436 
Another interpretation may be the differences in the GFRP bar properties (modulus of 437 
elasticity, ultimate strength, and failure strain). A small variation in the GFRP bar properties 438 
can affect the failure load of under-reinforced and balanced GFRP-RC beam, which may lead 439 
to higher or lower ultimate loads. On the other hand, in terms of the pre-cracking bending 440 
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stiffness, the FEM values of Beams A2 and C1 significantly vary from the experimental values. 441 
This is attributed to the difficulty in accurately identifying the cracking load and deflection 442 
numerically since the load-midspan deflection curves are not perfectly bilinear. 443 
5 Parametric study 444 
5.1 Description of the parametric study 445 
After the validation of the numerical modelling and proving its ability to capture the behaviour 446 
of GFRP-RC beams under static loads, four comprehensive parametric studies are carried out 447 
to investigate the effect of longitudinal reinforcement, compressive strength of concrete, shear 448 
span to effective depth ratio, and modulus of elasticity of the GFRP bars on the response of 449 
GFRP-RC beams under static loads. The purpose of these investigations is to explore the effect 450 
of the longitudinal reinforcement ratio, compressive strength of concrete, shear span to 451 
effective depth ratio, and modulus of elasticity of GFRP bars on the load-midspan deflection 452 
behaviour, EAC, and failure modes of GFRP-RC beams under static loads. Moreover, taking 453 
advantage of the symmetry, quarter models were employed with appropriate symmetry 454 
boundary conditions to model the beams in the parametric study. It is noted that, unless 455 
otherwise specified, the properties of the GFRP bars were taken as the guaranteed properties 456 
provided by V-Rod and Pultrall [48] with a modulus of elasticity of 59 GPa , ultimate strength 457 
of 900 MPa, 𝑆𝑚𝑎𝑥 of 0.15 mm, and 𝐺𝑠 of 111 MPa/mm. The value of the exponential decay of 458 
bond slip response was taken as per the recommendation of Shi, et al. [37]. 459 
5.2 Influence of longitudinal reinforcement ratio 460 
To investigate the effect of longitudinal reinforcement ratio, GFRP-RC beams with different 461 
reinforcement ratios were modelled using LS-DYNA. The beams were 200 mm in width, 300 462 
mm in height, and 2400 mm in length. The reinforcement used comprised two bars in the 463 
tension side and two similar bars in the compression side. The reinforcement ratios of the beams 464 
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were 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%. To cover a range of values for the compressive 465 
strength of concrete 𝑓𝑐
′ was varied between 30 MPa and 60 MPa. The group name for these 466 
beams was R followed by a number indicating the reinforcement ratio and then another number 467 
indicating the compressive strength of concrete. For example, Beam R-1.5-30 indicates that the 468 
beam is reinforced with 1.5% longitudinal reinforcement and has a compressive strength of 469 
concrete of 30 MPa. All the beams were modelled for the behaviour under four-point static 470 
loads. The shear reinforcement of these beams comprised 10 mm steel stirrups spaced at 100 471 
mm centre-to-centre which ensures that these beams were flexural-critical beams. 472 
In terms of the failure modes of the GFRP-RC beams of Group R, the beams were modelled as 473 
under-reinforced, balanced, and over-reinforced. Beams R-0.5-50 and R-0.5-60 were under-474 
reinforced and failed with the rupture of the GFRP bars. A sudden drop in the load-carrying 475 
capacity of the beam occurred and failed in a sudden manner. Furthermore, Beams R-0.5-30 476 
and R-0.5-40 were balanced and the failure mode was simultaneous rupture of GFRP bars and 477 
crushing of concrete. All the remaining beams were over-reinforced. The failure mode of these 478 
beams was governed by concrete crushing. It was clear that at failure, the strain in the concrete 479 
reached the failure strain while the strain in the GFRP bars was lower than the failure strain of 480 
the GFRP bar. For example, Beam R-2-40 failed when the strain in concrete reached the failure 481 
strain, 𝜀𝑐𝑢 = 0.0035, whereas the strain in the reinforcement was lower than the failure strain, 482 
𝜀𝑓𝑟𝑝𝑢. The maximum measured strain at the midspan of the GFRP bars was 𝜀𝑓𝑟𝑝 = 0.68%, 483 
which was less than the failure strain, 𝜀𝑓𝑟𝑝𝑢 = 1.5%. Beams with reinforcement ratio of 0.5% 484 
were under-reinforced and balanced. Increasing the reinforcement ratio from 0.5% to 1% 485 
changed the beams to over-reinforced beams. Increasing the reinforcement ratio from 0.5% to 486 
1% influenced the failure mode of the beams where a change in the failure mode from GFRP 487 
bar rupture to concrete crushing took place with the increase in the reinforcement ratio. 488 
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In terms of the load-midspan deflection behaviour, it can be observed from Figure 9a that the 489 
longitudinal reinforcement ratio had a prominent influence on increasing the ultimate load of 490 
GFRP-RC beams. It can be observed from Figure 9a that beams R-0.5-40, R-0.5-50, and R-491 
0.5-60 have the same ultimate load of 155 KN. This was due to the fact that increasing the 492 
compressive strength of concrete from 30 MPa changed the beam from balanced to under-493 
reinforced. Once the load applied reached 155 KN, the GFRP bars ruptured. Furthermore, 494 
increasing the reinforcement ratio from 0.5% to 1% led to a significant increase in the ultimate 495 
load (35% to 67%). This significant increase can be attributed to the change of the failure 496 
modes from under-reinforced and balanced to over-reinforced failure modes. The GFRP-RC 497 
beams were able to sustain larger loads when the failure was governed by concrete crushing. 498 
However, for over-reinforced beams, as the reinforcement ratio increased, the percentage of 499 
increase in the maximum load decreased. An increase in the reinforcement ratio from 2.5% to 500 
3% led to a 4% increase in the maximum load. Similar observations can be drawn regarding 501 
the midspan deflection corresponding to the ultimate load of the GFRP-RC beams. Figure 9b 502 
presents the midspan deflections corresponding to the ultimate loads of the GFRP-RC beams 503 
of Group R. The midspan deflections corresponding to the ultimate loads of the Beams R-0.5-504 
40, R-0.5-50, and R-0.5-60 is 28.5 mm. This was due to the GFRP bars rupturing upon reaching 505 
this deflection. Moreover, it can be observed that increasing the reinforcement ratio from 0.5% 506 
to 1% led to a 25% decrease in the midspan deflections corresponding to the ultimate loads. 507 
This can be attributed to the change of failure mode from GFRP bar rupture to concrete 508 
crushing. Furthermore, it can be observed that as the percentage of reinforcement increased for 509 
over-reinforced beams, the percentage of decrease in the deflection corresponding to the 510 
ultimate load decreased. Increasing the reinforcement ratio from 2.5% to 3% led to a 10% 511 
decrease in the deflections corresponding to the ultimate loads of these beams. Figure 9c 512 
presents the EAC of GFRP-RC beams of Group R. The EAC was calculated as the area under 513 
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the load-midspan deflection curve of the beam. The EAC was affected by the ultimate load and 514 
the corresponding midspan deflection. For the GFRP-RC beams that were over-reinforced, 515 
increasing the reinforcement ratio led to a decrease in the EAC of the beam. For example, Beam 516 
R-1-30 had an EAC of 1890 J, whereas Beam R-1.5-30 had an EAC of 1790 J. However, the 517 
increase in the EAC in Figure 9c, between the beams of reinforcement ratio of 0.5% and 1%, 518 
occurred because of the change in the failure modes (from GFRP bar rupture to concrete 519 
crushing). It was also observed that the highest EAC calculated was for beams with a 520 
reinforcement ratio between 1%-1.5%. 521 
In conclusion, an increase in the longitudinal reinforcement ratio leads to an increase in the 522 
ultimate load, a decrease in the midspan deflection corresponding to the ultimate load, and 523 
EAC of the GFRP-RC beam. 524 
5.3 Influence of compressive strength of concrete 525 
To investigate the effect of the compressive strength of concrete, GFRP-RC beams with 526 
different compressive strengths of concrete were modelled using LS-DYNA. The beams were 527 
classified into four main groups according to their compressive strengths. The compressive 528 
strengths of concrete of these beams were 30, 40, 50, and 60 MPa. The beams were 200 mm in 529 
width, 300 mm in height, and 2400 mm in length. To cover a range of reinforcement ratios, 530 
each main group included four reinforcement ratios of 0.5%, 1%, 2%, and 3%. The group name 531 
for these beams was M followed by a number indicating the compressive strength of concrete 532 
and then another number indicating the reinforcement ratio. For example, Beam M-40-3 533 
indicates that this beam has a compressive strength of 40 MPa and is reinforced with 3% as a 534 
longitudinal reinforcement. All the beams were tested under four-point static loads. The shear 535 
reinforcement of these beams comprised 10 mm steel stirrups spaced at 100 mm centre-to-536 
centre which ensures that these beams were flexural-critical beams. 537 
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In terms of the failure modes, Group M included under-reinforced, balanced, and over-538 
reinforced beams. Beams M-50-0.5 and M-60-0.5 were under-reinforced, whereas Beams M-539 
30-0.5, M-40-0.5 were balanced. All the remaining beams were over-reinforced. The under-540 
reinforced and balanced GFRP-RC beams failed due to GFRP bar rupture which was evident 541 
through the sudden drop in the load-carrying capacity. For the over-reinforced beams, it was 542 
clear that at failure, the strain in the concrete reached the failure strain  𝜀𝑐𝑢 = 0.0035 while the 543 
strain in the GFRP bars was below the failure strain. For Beam M-40-2, the maximum 544 
measured strain was 𝜀𝑓𝑟𝑝 = 0.78%, which was less than the failure strain 𝜀𝑓𝑟𝑝𝑢 = 1.5%. 545 
Moreover, the maximum measured strain in the GFRP bars decreased as the compressive 546 
strength of concrete increased. 547 
In terms of the load-midspan deflection behaviour, the results are discussed in terms of cracking 548 
load, ultimate load, corresponding midspan deflection, and EAC. The cracking load, 𝑃𝑐𝑟, is 549 
directly proportional to the square root of the compressive strength of concrete. In the case of 550 
four-point load, 𝑃𝑐𝑟 can be calculated by using Eq. (4): 551 
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 552 
Increasing the compressive strength of concrete, led to an increase in the cracking load of a 553 
GFRP-RC beam. This was observed from the numerical modelling as well where the value of 554 
the cracking load increased with the increase in the compressive strength of concrete. 555 
Moreover, the ultimate load that a GFRP-RC beam increased with an increase in the 556 
compressive strength of concrete. Figure 10a presents the ultimate loads for GFRP-RC beams 557 
as a function of compressive strengths of concrete between 30 MPa and 60 MPa for four 558 
different reinforcement ratios. Beams with 0.5% reinforcement ratio showed an increase in the 559 
ultimate load of 6.7% when the compressive strength of concrete increased from 30 MPa to 40 560 
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MPa. However, further increase in the compressive strength of the concrete did not lead to any 561 
increase in the ultimate load. This can be attributed to the failure modes of the beams where 562 
the beams with the same ultimate load failed due to GFRP bar rupture. Beams that failed due 563 
to concrete crushing sustained higher loads upon increasing the compressive strength of 564 
concrete. This leads to the conclusion that as the compressive strength of concrete increases, 565 
for over-reinforced beams, the ultimate load carried by a beam increases as well. A similar 566 
observation can be drawn for the midspan deflections corresponding to the ultimate loads. 567 
Figure 10b presents the deflections corresponding to the ultimate loads for GFRP-RC beams 568 
as a function of compressive strengths of concrete between 30 MPa and 60 MPa for four 569 
different reinforcement ratios. For the beams with a reinforcement ratio of 0.5%, increasing the 570 
compressive strength of concrete from 40 MPa to 60 MPa did not cause any significant change 571 
in the value of the deflection corresponding to the ultimate load. Beams failing due to GFRP 572 
bar rupture failed at the same deflection corresponding to the ultimate load, of 28.7 mm, 573 
regardless of the compressive strength of concrete. In terms of the EAC, Figure 10c presents 574 
the EAC for GFRP-RC beams as a function of compressive strengths of concrete between 30 575 
MPa and 60 MPa for four different reinforcement ratios. The EAC of the GFRP-RC beams was 576 
calculated by integrating the area under the load-midspan deflection curve. Since the EAC is 577 
related to the ultimate load and corresponding midspan deflection, then beams with 578 
reinforcement ratio of 0.5% have the same values for EAC of 3080 J. Moreover, as the 579 
compressive strength of concrete increased, the EAC of the beams increased as well in an 580 
approximately linear manner. For the beams with reinforcement ratio of 1%, the increase from 581 
30 MPa to 40 MPa was 18%, and the increase from 45 MPa to 60 MPa was 22%. Furthermore, 582 
it was observed that beams with a reinforcement ratio between 1% and 2% sustained the highest 583 
EAC.  584 
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5.4 Influence of modulus of elasticity of GFRP bars 585 
To investigate the effect of the modulus of elasticity, 𝐸𝑓, of GFRP bars, GFRP-RC beams with 586 
different Ef were modelled using LS-DYNA. The typical values of 𝐸𝑓 of the GFRP bars as 587 
specified by ACI [6] are between 35 GPa and 51 GPa. Moreover, Hasan, et al. [49]  tested 588 
GFRP bars with 𝐸𝑓 up to 76.8 GPa. Therefore, the 𝐸𝑓 of the GFRP bars chosen for this study 589 
was 30, 40, 50, 60, 70, and 80 GPa. The ultimate strength of the GFRP bars was fixed at 900 590 
MPa. The compressive strength of these beams was 30 MPa. The reinforcement ratio of these 591 
beams was either 2% or 3 %. The group name for these beams was E, followed by a number 592 
indicating the modulus of elasticity of the GFRP bars and then another number indicating the 593 
reinforcement ratio. For example, Beam E-40-2 indicates that this beam has GFRP bars of 594 
modulus of elasticity of 40 GPa and a reinforcement ratio of 2%. All the beams were over-595 
reinforced and flexure-critical. The purpose of this study was to investigate the effect of 𝐸𝑓 on 596 
the ultimate load, corresponding midspan deflection, and EAC of the GFRP-RC beams. 597 
In terms of the failure modes, all the beams failed due to concrete crushing. It was observed 598 
that the beams with higher 𝐸𝑓 had lower values of strain in the GFRP bars when concrete failed. 599 
For example, Beam E-30-2 had a strain 𝜀𝑓𝑟𝑝 = 0.87% when the strain in concrete reached  600 
𝜀𝑐𝑢 = 0.0035. Whereas Beam E-80-2 had a strain in the GFRP bars of 𝜀𝑓𝑟𝑝 = 0.36% when 601 
the strain in concrete reached  𝜀𝑐𝑢 = 0.0035. 602 
Figure 11a presents the ultimate loads of GFRP-RC beams for variable values of 𝐸𝑓. It was 603 
observed that as 𝐸𝑓 increased, the ultimate load of a GFRP-RC beam increased as well. For 604 
example, at 𝜀𝑐𝑢 = 0.0035, Beam E-30-3 experienced an ultimate load of 248 KN, whereas 605 
Beam E-80-3 experienced an ultimate load of 284 KN. This increase of 15% was due to the 606 
increase in the modulus of elasticity of the GFRP bars. It was also observed that for high values 607 
of 𝐸𝑓 (70 and 80 GPa), the increase in the ultimate load was very low. The increase in 𝐸𝑓 from 608 
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70 to 80 GPa led to a 2% increase in the ultimate load only. The opposite observation can be 609 
drawn for the values of the midspan deflections corresponding to the ultimate loads. It was 610 
observed that these deflections decreased as 𝐸𝑓 increased, Figure 11b. Beam E-30-3 611 
experienced a midspan deflection of 14.74 mm, whereas Beam E-80-3 experienced a midspan 612 
deflection of 7.6 mm. This significant decrease of 48% between Beam E-30-3 and Beam E-80-613 
3 was due to the higher modulus of elasticity of the GFRP bras. The GFRP bars with lower 614 
values of 𝐸𝑓 allow the beams to undergo larger deflections. Moreover, the increase in 𝐸𝑓 from 615 
70 to 80 GPa led to an 8% decrease in the deflection corresponding to ultimate load. 616 
Furthermore, the EAC of these beams was calculated and a comparison was presented in Figure 617 
11c. It can be observed from these figures that the EAC for all GFRP-RC beams decreased 618 
with an increase in the 𝐸𝑓 of the GFRP bars. Beam E-30-3 experienced an EAC of 2360 J, 619 
whereas Beam E-80-3, with lower 𝐸𝑓, experienced an EAC of 1205 J. 620 
In conclusion, the modulus of elasticity of the GFRP bars influences the midspan deflection 621 
corresponding to the ultimate load of the beams the most (48% decrease from E-30-3 to E-80-622 
3), whereas it has a minor influence on the ultimate load of the beam (12.8% increase from E-623 
30-3 to E-80-3). The EAC is significantly influenced by 𝐸𝑓 as well (43.6% decrease from E-624 
30-3 to E-80-3). 625 
5.5 Influence of shear span to effective depth ratio 626 
To investigate the effect of shear span to effective depth ratio, GFRP-RC beams with different 627 
shear span to effective depth ratio were modelled using LS-DYNA. The variable in this study 628 
was the span length of the beam, while all the other parameters were kept constant. The “𝑎 𝑑⁄ ” 629 
ratio was altered between 4 and 8 by changing the length of the beam and keeping the effective 630 
depth fixed. All five beams were tested under four-point static loads. The beams were 200 mm 631 
in width and 300 mm in height. The compressive strength of concrete was fixed to 40 MPa. 632 
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Moreover, the longitudinal reinforcement ratio of these beams was 2%. The transverse 633 
reinforcement of these beams comprised 10 mm steel bars spaced at 100 mm centre-to-centre. 634 
Hence, the beams were designed to fail in flexure. All the beams were designed as over-635 
reinforced beams with concrete crushing governing the failure mode of these GFRP-RC beams.  636 
It was noted that decreasing the 𝑎 𝑑⁄  ratio increases the ultimate load carried by the GFRP-RC 637 
beams. It can be noted from Figure 12 that an increase in the 𝑎 𝑑⁄  ratio from 4 to 5 led to a 12% 638 
decrease in the ultimate load carried by the beam. Furthermore, increasing the 𝑎 𝑑⁄  ratio 639 
increased the midspan deflection corresponding to the ultimate load of the beam linearly. 640 
Figure 12 shows that an increase in 𝑎 𝑑⁄  ratio from 5 to 6 led to a 30% increase in the midspan 641 
deflection corresponding to the ultimate load of the GFRP-RC beam. This decrease in 642 
maximum load and increase in maximum deflection was attributed to the geometry of the beam 643 
where the maximum moment at the midspan of the beam increases with an increase in the span 644 
of the beam. It is recommended to use low 𝑎 𝑑⁄  ratios (in the vicinity of 4) in the design of the 645 
GFRP-RC beams, if possible. 646 
6 Conclusions 647 
Nine GFRP-RC beams have been numerically modelled and analysed to validate the ability of 648 
the numerical model in capturing the experimental behaviour of GFRP-RC beams under static 649 
loads. The numerical model developed has the ability to accurately capture all three different 650 
failure modes of the GFRP-RC beams (under-reinforced, balanced, and over-reinforced). The 651 
numerical model developed has the ability to predict accurately the load-midspan deflection 652 
behaviour of GFRP-RC beams including the ultimate load, corresponding midspan deflection, 653 
and EAC. Therefore, it is recommended to use numerical investigations prior to experimental 654 
investigations for guidelines. After the validation, a comprehensive parametric study has been 655 
carried out to study the influence of the longitudinal reinforcement ratio, the compressive 656 
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strength of concrete, the modulus of elasticity of the GFRP bars, and the 𝑎 𝑑⁄  ratio of the GFRP-657 
RC beams on the ultimate loads, corresponding midspan deflections, and Energy Absorption 658 
Capacity (EAC) of GFRP-RC beams. The following conclusions are noted: 659 
1. The GFRP-RC beams with reinforcement ratio of 0.5% experienced brittle failure modes 660 
due to GFRP bar rupture. Increasing the reinforcement ratio from 0.5% to 1% leads to 661 
significant increase in the ultimate load (67%), EAC (48%), and also leads to a (27%) 662 
decrease in the midspan deflection corresponding to the ultimate load of GFRP-RC beams 663 
due to the change in failure modes from GFRP bar rupture to concrete crushing. Moreover, 664 
the highest EAC were observed for reinforcement ratios between 1% and 1.5%. 665 
2. The GFRP-RC beams with low reinforcement ratios (0.5% - 1%) and high compressive 666 
strength of concrete (60 MPa) fail in a brittle manner due to GFRP bar rupture. Increasing 667 
the compressive strength of concrete (from 30 MPa to 60 MPa) of the over-reinforced 668 
GFRP-RC beam leads to an (40%) increase in the ultimate load, corresponding midspan 669 
deflection, and (64% increase) EAC of the GFRP-RC beam. Moreover, increasing the 670 
compressive strength of concrete was more effective with reinforcement ratios between 1% 671 
and 2%. Also, for the under-reinforced GFRP-RC beams failing due to rupture of GFRP 672 
bar, the ultimate load and deflection do not change with the increase of the compressive 673 
strength of concrete. 674 
3. Increasing the modulus of elasticity of the GFRP bars (from 30 GPa to 80 GPa) leads to a 675 
significant decrease in the midspan deflection corresponding to the ultimate load and a 676 
decrease in the EAC of GFRP-RC beams (48.4% and 43.6% respectively). Increasing the 677 
modulus of elasticity also leads to an increase in the ultimate load (12.8%). Also, increasing 678 
the modulus of elasticity beyond 70 GPa, for over-reinforced beams GFRP-RC beams, has 679 
a minor influence on the ultimate load and EAC. 680 
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4. Increasing the 𝑎 𝑑⁄  ratios of the GFRP-RC beams (between 4 and 8) decreases the ultimate 681 
load and increases the corresponding midspan deflection linearly. Beams with  𝑎 𝑑⁄  ratios 682 
in the vicinity of four performed the best in terms of ultimate loads and deflections. 683 
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Figure 1, Three-dimensional model of a GFRP-RC beam 
 
Figure 2, Numerical stress-strain curve for GFRP bar 
 
Figure 3, Bond-slip beam test 
 
(a) 
 
(b) 
Figure 4, Damage profile: (a) under-reinforced beam (Beam B1) and (b) over-reinforced beam (Beam 
B2) 
 
Figure 5, Load-midspan deflection behaviour of Group A beams 
 
Figure 6, Load-midspan deflection behaviour of Group B beams 
 
Figure 7, Load-midspan deflection behaviour of Group C beams 
 
(a) 
 
 
(b) 
Figure 8, Crack profile: (a) balanced beam (Beam A1) and (b) over-reinforced beam (Beam A2) 
   
(a) (b) (c) 
Figure 9, Effect of reinforcement ratios in GFRP-RC beams on: (a) Load, (b) Midspan deflection, and (c) Energy Absorption Capacity 
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Figure 10, Effect of compressive strength of concrete in GFRP-RC beams on: (a) Load, (b) Midspan deflection, and (c) Energy Absorption Capacity 
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Figure 11, Effect of 𝐸𝑓 of GFRP bars on: (a) Load, (b) Midspan deflection, and (c) Energy Absorption Capacity 
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Figure 12, Effect of 𝑎 𝑑⁄  ratios of GFRP-RC beams (𝑓𝑐
′= 40 MPa and ρ= 2%) on load and midspan deflection 
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Table 1 Properties of the GFRP-RC beams tested and modelled 
Beam 
name 
Dimensions of 
the beam  
(𝐦𝐦) 
Compressive 
strength of 
concrete 𝒇𝒄
′  
(𝐌𝐏𝐚) 
Longitudinal 
reinforcement 
details 
(Similar for 
tension and 
compression) 
Transverse 
reinforcement 
details 
Test condition Design failure mode 
A1 
100x150x2400 
 
55.4 
2 bars #2 
4 mm steel 
bars @ 100 
mm 
Four-point loads 
Balanced (GFRP rupture & concrete crushing) 
A2 2 bars #3 Over-reinforced (Concrete crushing) 
A3 2 bars #4 Over-reinforced (Concrete crushing) 
B1 
70.8 
2 bars #2 Under-reinforced (GFRP rupture) 
B2 2 bars #3 Over-reinforced (Concrete crushing) 
B3 2 bars #4 Over-reinforced (Concrete crushing) 
C1 
90.1 
2 bars #2 
Three-point 
loads 
Under-reinforced (GFRP rupture) 
C2 2 bars #3 Over-reinforced (Concrete crushing) 
C3 2 bars #4 Over-reinforced (Concrete crushing) 
 
Table 2 Properties of the GFRP and steel reinforcement used in the experiment 
Type of reinforcement bar Diameter of the 
reinforcement bar  
(𝐦𝐦) 
Modulus of elasticity 
𝑬𝒇  
(𝐆𝐏𝐚) 
Tensile strength 
𝒇𝒖  
(𝐌𝐏𝐚) 
Rupture 
strain  
𝜺𝒇𝒓𝒑𝒖 
(%) 
Density  
(𝐓/𝐦𝐦𝟑) 
Poisson’s 
ratio 
GFRP 6.35 (#2) 37.5 732 1.96 2.2e-9 0.26 
GFRP 9.53 (#3) 55.6 1764 3.18 2.2e-9 0.26 
GFRP 12.7 (#4) 48.6 1605 3.30 2.2e-9 0.26 
Steel 4 200 500 N/A 7.85e-9 0.30 
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Table 3 Numerical versus experimental results of GFRP-RC beams 
Beam name Numerical Experimental 
𝑃𝑐𝑟  
(KN) 
∆𝑐𝑟  
(mm) 
𝑃𝑢  
(KN) 
∆𝑢  
(mm) 
𝐸𝑎  
(J) 
(𝐸𝐼)𝑝𝑟𝑒  
(KN.m2) 
(𝐸𝐼)𝑝𝑜𝑠𝑡  
(KN.m2) 
𝑃𝑐𝑟  
(KN) 
∆𝑐𝑟  
(mm) 
𝑃𝑢  
(KN) 
∆𝑢  
(mm) 
𝐸𝐴𝐶  
(J) 
(𝐸𝐼)𝑝𝑟𝑒  
(KN.m2) 
(𝐸𝐼)𝑝𝑜𝑠𝑡  
(KN.m2) 
A1 4.3 1.6 18.1 70.2 900 381.7 36.6 4.2 1.8 13.8 52.2 540 331 37.5 
A2 4.74 0.82 41.33 59.4 1387 820.9 95.5 3.1 0.8 39.2 60.4 1350 550 92.1 
A3 2.5 0.5 49.31 48.54 1335 710 132.3 2.3 0.44 49.7 59.9 1730 742 117.8 
B1 4.09 1.1 17.9 65.7 725 528 38.7 3.5 0.8 15.5 54.5 530 621 40.4 
B2 4.68 0.91 48.35 68.6 1859 720 102.3 4.0 0.9 42.6 56.3 1350 631 107.4 
B3 4.5 0.85 57.82 56.07 1787 751.6 148.5 3.8 0.8 49.5 47.3 1270 674.4 148.6 
C1 3.87 2.35 15.2 66.1 635 233.9 32.65 3.1 0.9 15.0 81.8 735 489 26 
C2 4.2 1.56 37.34 60.96 1246 382.3 87.5 3.8 1.7 33.0 62.7 1220 317.4 105 
C3 4.5 1.36 44.95 49.55 1196 469.9 123 4.0 1.6 46.1 58.3 1510 355 112.3 
Note: 𝑃𝑐𝑟: Cracking load; 𝑃𝑢: Ultimate load; ∆𝑐𝑟: Midspan deflection corresponding to cracking load; ∆𝑢: Midspan deflection corresponding to ultimate load 
Table 4 Efficiency of numerical modelling 
Beam name Numerical/Experimental 
𝑃𝑐𝑟 ∆𝑐𝑟 𝑃𝑢 ∆𝑢 𝐸𝑎 (𝐸𝐼)𝑝𝑟𝑒 (𝐸𝐼)𝑝𝑜𝑠𝑡 
A1 1.02 0.9 1.3 1.3 1.66 1.15 0.98 
A2 1.5 1.02 1.05 0.98 1.02 1.49 1.03 
A3 1.09 1.02 0.99 0.81 0.77 0.96 1.1 
B1 1.17 1.37 1.15 1.2 1.36 0.85 0.96 
B2 1.17 1 1.13 1.21 1.37 1.15 0.95 
B3 1.18 1.06 1.16 1.18 1.41 1.1 0.99 
C1 1.24 2.6 1.01 0.81 0.86 0.48 1.2 
C2 1.1 0.92 1.13 0.97 1.02 1.2 0.81 
C3 1.13 0.85 0.97 0.85 0.79 1.3 1.1 
Average 1.18 1.2 1.1 1.04 1.14 1.08 1.02 
 
